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Abstract
The structure and molecular dynamics in oriented
polypropylene (PP) have been studied by two techniques:
O
(i) sorption and diffusion of toluene vapor at 30 C, and (ii)
ESR spectroscopy of BONO spin-probes between 30 C and 110 C.
Drawing of PP leads to increases in molecular
orientation and taut tie-molecules, and a gradual
transformation from the spherulitic to the fibrous structure.
As a result, the free volume in the amorphous regions is
reduced and hence the equilibrium sorption of toluene drops
by a factor of 4 as the draw ratio A. increases from 1 to 18.
The zero-concentration diffusion coefficient D0 decreases
sharply but steadily by a factor of 30. At low draw ratio,
the decrease in D0 may be attributed to the lowering in
molecular mobility and the transformation into microfibrils
which are only slightly' permeable.' However, -this
transformation is completed at A.= 6 so that further
reduction in D0 arises largely from the increase in number
and tautness of interfibri1lar tie-molecules residing in the
reqions between the microfibrils.
Annealing at 158° C leads to relaxation of the
tie-molecules, thereby increasing the sorption and diffusion
coefficient to values close to or even higher than those for
the quenched undrawn material. The annealed sample at A.=
8.5 has the same sorption and diffusivity as the annealed
undrawn samole. but the cor resoond ino values at A.-- 18 are
lower, indicating that the amorphous chain segments in
ultradrawn PP are still not completely relaxed
The rotational diffusion coefficient Drot for the
tumbling of the HONO spin-probes in the amorphous regions of
PP has been determined from the ESR spectrum. Drot drops by a
factor of 2 as A increases from 1 to 18, which reflects the
reduction in the mobility of the chain segments surrounding
the probes. in comparison with the 30-fold decrease in D,,
it can be concluded that the change in D, arises mainly from




The rubber industry was developed in the early
nineteenth century and was originally based on natural
rubber. The more recent development of the synthetic polymer
industry, dating roughly from the 1939-1945 war,-has led to
the introduction of a vast range of entirely new plastic
materials. In many areas, polymers have replaced metals and
glass since they are tough and light. As polymers are used
in a wide range of applications, it is important to
investigate their physical properties. Furthermore, a
knowledge of the relationship between the structure and
properties is required for the development of new materials
for various special uses.
In the past twenty years, the studies of sorption and
di.EEusion behavior in polymers have received considerable
attention mainly because of two reasons. First, transport
properties are important in many technical applications. One
may easily recognize that the transport properties of polymer
films (oriented Films in many cases) determine the degree of
protection of the package content against gases and vapors in
the environment. Second, sorption and diffusion are
excellent tools for the investigation of the structure of
isotropic or oriented semicrystalline polymers because of
their enormous sensitivity to morphology and the deviation
2from thermodynamic equilibrium of the amorphous component.
Since the crystallites may be regarded as impermeable,
diffusion of organic vapors occurs in the amorphous regions.
Thus, the sorption and diffusion behavior provide information
on the structure and molecular dynamics in the amorphous
regions, such as the number and size of sorption sites, and
the mobility of the chain segments.
Since diffusion involves the transportation of
penetrant molecules from one place to another, the value of
the diffusion coefficient for semicrystalline polymers is
determined largely by two factors: the molecular mobility in
the amorphous regions, and the geometrical distribution of
the impermeable crystal aggregates which block the transport
of the penetrant.
Another technique, which can also give information on
the mobility of chain molecules in the amorphous regions, is
Electron Spin Resonance (ESR) Spectroscopy. When a
spin-probe is added to a polymer, the rotational frequency of
the probe is determined by the surrounding environment,
thereby reflecting the mobility of the chain segments. This
rotational frequency can be calculated from the observed ESR
spectrum.
1.2 Historical Background
1.2.1 Sorption and Diffusion in Polymers
Sorption and diffusion of gases and vapors in polymers
have been studied, extensively and many of these works have
been summerized in several reviews(Barrier, 1957; Fujita,
1961; Peter 1in, 1975). Diffusion of permanent gases in
polymers is essentially concentration-independent, largely
because of the low solubility of gases. However, the
diffusion coefficient of vapors in polymers increases
exponentially with concentration. Below the glass-transition
temperature Tg, vapor diffusion in polymers was also found to
be time-dependent. Fortunately, above Tg, the diffusion
coefficient depends only on concentration. This behavior is
known as Fickian.and the data in this temperature region are
more easily interpreted.
Although a lot of work has been done on isotropic
polymers, there have been few studies on oriented polymers.
Peterlin and co-workers (Peterlin et al., 1967; Williams and
Peterlin, 1971; Peterlin, 1975; Araimo et al., 1978) have
studied in detail the diffusion of methylene chloride in
high-density polyethylene (HDPE)' and low-density polyethylene
(LDPE). They found that for both isotropic and drawn samples
the diffusion coefficient D depends exponentially on
concentration c, i.e. D=D0 e, where D0 is the
zero-concentration diffusion coefficient and Y is the
concentration coefficient. The equilibrium sorption and
diffusion coefficient decrease substantially after drawing.
The plastic deformation converts the initial spherulitic
structure into a structure consisting of microfibrils aligned
along the draw direction. Each microfibril is made up of
alternating regions of crystalline and amorphous materials,
and the crystallites are connected by a large number of taut
tie-molecules which are located on the outside boundary of
the mircofibril. Consequently, the number of sorption sites
are reduced and the transport of penetrant is severely
blocked by the taut tie-molecules.
For HDPE, a rapid change in transport properties occurs
at draw ratios A. between 8 and 9, within this range the
zero-concentration diffusion coefficient D0 drops by a factor
of 20. Peterlin concluded that the initial spherulitic film
gradually transformed into a microfibrillar structure as the
draw ratio increases and the transformation is completed
between A =8 and 9. During subsequent drawing from =9 to 25,
the mutual arrangement of mircofibrils changes by
longitudiual sliding. However, the diffusion coefficient
shows only a small decrease.
For LDPE, the effects of drawing on transport
properties are similar but less drastic than linear HDPE.
Sorption and diffusivity are reduced as a result of drawing.
Comparatively rapid changes occur between =3 and 4.
However, as judged from the transport properties, the
transformation is not yet complete even at the highest draw
ratio attained (A=6), just before the sample breaks.
The strong effect of orientation arises mainly from the
large deviation of the amorphous component from thermodynamic
equilibrium, which in turn results from the presence of taut
tie-molecules. Annealing leads to relaxation of
tie-molecules, with the consequence that the sorption and
diffusion coefficients increase significantly.(Peterlin and
Williams, 1972; Araimo et al. 1978) Although crysta11inity
is increased and hence the amount of amorphous component is
reduced after annealing, the sorption per unit volume of
amorphous component increases to a value even higher than
that of the starting undrawn but quenched material.
1.2.2 Spin-Probe Techniques in ESR Spectroscopy
Rotational mobility of stable nitroxide spin-probes in
a number of solid polymers have been studied by ESR
techniques over a wide temperature range (Rabold, 1969;
Buchachenko et al., 1974; Kumler, 1980). Recently, the
spectra of oriented Polypropylene (PP) with A. =1-10 have also
been investigated (Barashkova I.I. et al.). The results
reveal that the rotational correlation time Tc, which is the
time for the spin probe to rotate an angle of approximately
one radian, increases as the draw ratio increases.
Therefore, the rotational diffusion coefficient Drot= l(-6Tt)
decreases with increasing A. Moreover, the activation energy
determined from Arrhenius plots also decreases with
increasing A. .This study shows that Drot is sensitive to the
local environment in the amorphous regions and therefore
provides a sensitive probe of localized molecular motions.
1.3 Scope of the Present Work
As discussed above, the effects of orientation on the
sorption and diffusion in LDPE and HDPE have been studied in
detail. For another important polyolefin, Polypropylene
6(PP), only isotropic samples have been investigated.
(Long,1965 Kreituss and Frisch,1981) We have seen that for.
HDPE the complete transformation from spherulitic to
fibrillar structure at X=8-9 is accompanied by a substantial
change in the diffusivity. Since PP may be drawn to a draw
ratio of about 20, it is interesting to find out whether
there is a similar drastic change in transport properties.
Therefore, we have studied the sorption and diffusion of
toluene vapor at 300C in PP samples with draw ratios N=1-18.
The effect of annealing has also been investigated.
To provide supplementary, information on molecular
mobility in the amorphous regions, the ESR spectra for a
0
similar series of drawn PP have been recorded from 30C to
From these data, the correlation time T, has been110 C.
calculated as a function of draw ratio. From the plots
of Drot(= 1/(6TH)) versus reciprocal absolute temperature,





There had been a number of early attempts in
understanding the diffusion of organic vapor in polymers
(Park, 1950 Fujita, 1953) but none of these works were very
successful. In 1955, Williams, Landel and Ferry(1955)
suggested that the mobility of chain segments depends on the
free volume in the polymer and successfully explained the
mechanical relaxation behavior of a number of amorphous
polymers. Following this idea, Fujita(1961) argued that since
diffusion is closely related to the mobility'of both the
penetrant and the polymer molecules, it should also depend on
the free volume of the two-component system (penetrant plus
polymer).
The rate of diffusion depends on the frequeucy with which
a penetrant molecule jumps from one site to another. This
jumping frequency is directly related the fraction of free
volume in the polymer. Cohen and Turnbull(1959) had shown
that, for a liquid composed of identical molecules, the
probability P(v) of finding a free volume exceeding,a given
value v is given by
P(v)= exp(-bv/v) (2.1)
where b is a constant of order unity <y >and v is the average
free volume of one molecule. To apply equation(2.1) to a
8polymer, Fujita (1961) reinterpreted <v> as the average tree
volume per unit volume (not per molecule), i.e. as the
average fractional free volume of the system, and denoted it
by f. Moreover, the product: by was written as B and
interpreted as a measure of the minimum hole size for the
Lmn process. Then we have
(2.2)
The mobility and of a penetrant molecule In d L,ulyiLLeL ««u1u.Lt
depends on the probability that there exists a hole in its
neighbourhood large enough to permit the molecule to jump
into. If Bd denotes the value of B corresponding to the
minimum hole size required for the jump process, and is given
by
(2.3)
where the proportional constant Adis assumed to depend only
on the size and shape of the penetrant molecule and not on
temperature or penetrant concentration.' According to..the
Stokes-Einstein law, the thermodynamic diffusion coefficient
of A nenetrant at absolute temperature T is given by
D=RTmd
(2.4)
where R is the gas constant. Thus, we have
(2.5)
Since f is a function of both temperature ana CUIIUU11LLdl.1V11,
+- chnuld be denoted as f (c,T). Fujita (1961) assumed that
(2.6)
where f( O, T) is the fractional free volume in the absence o
penetrant and |3(T) is the increase in f due to an unit
increase in concentration and thus denotes the effectiveness
of the penetrant molecule in increasing the free volume of
the given polymer. Eqs. (2.5) and (2.6) then give
(2.7)
where D0 is zero-concentration diffusion coefficient.
For the case of low penetrant concentration one may
rewrite eg.(2.7) as
where is the concentration deoendence
coefficient. Therefore, the diffusion coefficient increases
exponentially with concentration.
Strictly speaking, eq.(2.8) applies only to one-phase%
polymers, i.e. amorphous polymers. However, the crystallites
in a semicrystal1ine polymer may be regarded as impermeable,
so the diffusion process occurs in the amorphous region and
the diffusion coefficient also depends exponentially on
concentration. %
When a semicrystal1ine polymer is drawn, the sperulitic
structure is transformed into a fibrillar structure
consisting of microfibrils which act as almost impermeable
obstacles. The zero-concentration diffusion coefficient D0
will decrease substantially. The behavior of the
concentration coefficient X is less certain since it depends
on the ratio (3f0. The fractional free volume fQ will
decrease with increasing draw ratio and Peterlin (1975)
suggested this is the reason for the large increase in Y for
the diffusion of methylene chloride in HDPE. However, for
diffusion of toluene in HDPE, Kwei and Wang (1971) observed a
drop in Y after drawing and attributed this to a decrease
in (3, i.e. to a decrease in the effectiveness of penetrant
molecule to increase the free volume. They argued that the
chain segements are now so severely constrained that they do
not have complete freedom to mix with penetrant molecules,
and the presence, of a small amount of penetrant fails to
alter segmental mobility to a significant extent. Judging
from these two sets of conflicting data it is clear that
whether Y will increase or decrease with orientation depends
on the delicate balance of the two factors, ftand f0.
2.2 Spin-probe Techniques in ESR Spectroscopy
The use of paramagnetic• spin probe techniques for
studying the structure of polymers has received increasing
attention. The observed ESR spectra of the doped polymers
provide information on the structure of the regions (the
amorphous regions in the case of semicrystal1ine polymers)
in which the probes are incorporated. The basic phenomenon
detected in an ESR experiment is the transition between
Zeeman levels of a paramagnetic system in a magnetic field.
When the applied electromagnetic wave has a frequency V which
corresponds to the energy separation AE of the Zeeman levels,
it induces transition from one level to another. According
to quantum mechanics, the electron Zeeman energy is given by
(2.9)
where g is a factor approximately equal to 2, H is the
magnetic field, jJ-Q is the Bohr magneton, and Ms is the
electrom spin quantum number which has a value of +12 or
-12. Therefore the energy separation between two Zeeman
levels is AE= g„H and the frequency V of the electromagnetic
wave which induces the transition is given by
(2.10)
where h is Planck's constant.
Usually, as in our experiment, vis kept fixed while H
is varied until the resonant absorption condition is reached.
However, due to the hyperfine interaction between the
unpaired electron spin and the nuclear spin, the energy level
is determined not only by Ms but also by the spin quantum
number I of the nucleus. The ESR spectrum thus appears as a
series of characteristic lines rather than a sirtgle
absorption line. For the present case of a nitroxide probe
with 1=1, quantum mechanics predicts a spectrum composed of
three lines with finite widths. Besides the uncertainty
principle, the finite width arises from the interaction
between the spin probes and their environment. Hence the
linewidth and the relative intensity of the three absorption
lines provide information on the structure and molecular
dynamics in the regions in which the probes are located. The
mobility of the probes is described by a rotational
correlation time Tc, which is roughly the time taken for the
probes to rotate an angle of one radian.
The rotational correlation time of interest in
spin-probe studies ranges from 10 to 10 sec. No single
theoretical treatment is valid for the whole range of Tc. In
-to -9
our measurements,Tc ranges from 10 to 10 sec. and the valid
expression for this range has been derived (Buchachenko
et al., 1974):
(2.11)
Here A H+, is the peak to peak width of the low field
9
absorption line, I+, is the peak to peak intensity of the low
field absorption, and I-( is the peak to peak intensity of the
high field absorption. These symbols are illustrated in a
typical ESR spectrum in Fig 2.1.
The rotational diffusion coefficient Drot is related
to Tc as:
(2.12)
If the rotational motion is an activated
process, Drowill vary with the absolute temperature T as
(2.13)
i
where Ea is the activation energy and R is the gas constant.
Thus a plot of ln(Drot) vs 1T gives a straight line and the
activation energy can be calculated from the slope.
Fig 2.1 A typical HSR spectrum.
ah+i: the peak to peak width of the low field absorption line.
I+1: the peak to peak intensity of the low field absorption line.




Diffusion and ESR measurements were made on isotropic
and oriented samples which were prepared by the following
procedures.
3.1 .1 Tsotrooic samoles
Pellets of Polypropylene (Hostalen PPK, Hoerhst) were
compressed between two stainless steel plates at about 200 C.
Four spacers were inserted between the stainless steel plates
to ensure that the PP films were about 1.5 mm thick. The
polymer samples were compression-molded for 10-15 minutes at
a pressure of 30tonsq.in. and then quenched in a water bath
at room temperature.
3.1.2 Oriented Samples
Dumbbel1-shaped samples of width 1.5-3cm and gauge
length 5-l0cm were cut from the isotropic sheets and parallel
lines of 1mm seperation were drawn normal to the length of
each sheet. The samples were then drawn at 130°C at a rate
of 2cmmin. Necking occurred and the natural draw ratio is
about 5.5. For higher draw ratio,, the samples with A=5.5
were cut to about 3~4cm gauge length for a second stage
drawing at lmmmin to= 8.5-18. All the samples were
transparent, indicating the absence of voids.
3.1.3 Annealinq of Samples
A few sorption and diffusion measurements were also
carried out on annealed samples. Samples of A.= 1, 8.5 and
18 were annealed in a silicone oil bath at (158+0.5) C for
one hour. The PP films were wrapped in aluminium foils,
sandwiched between two glass slides, and then the whole
assembly was tied together with a metal wire. This prevented
the samples from buckling and from contact with silicone oil.
However, the samples were free to shrink during annealing.
The annealing procedure for the sample with= 15 was the
same except that the annealing temperature was different. It
was first annealed at 145°C for one hour. After diffusion
measurements, the penetrant was completely desorbed and the
sample was further annealed at 158°C for one hour.
3.1.4 Samples for Sorption and Diffusion Measurements
For sorption and diffusion measurements, the samples
were polished to an appropriate thickness. The thickness of
the samples was directly measursed by a mircometer to
0.005mm while the surface acea ,A, weight, W, and density, p,
of the samples were used to calculate the average
thickness hcai= WAP.
It was found that the calculated average yalue, hcai,
was about 0.015mm smaller than the direct measured thickness,
hmea.s• We believed that the mircometer gives the largest
thickness within the 25mma area of its measuring head.
Therefore hcai was used for the calculation of diffusion
coefficients while the directly measured value served as a
check on the uniformity of the thickness. After polishing,
the surface of the samples were cleaned with ethanol, which
was subsequently removed by evacuation.
The density p was measured at room temperature by the
flotation method using a mixture of toluene and CCl..
The volume fraction crystal1 inity X was calculated
from X=( p- pL)( pc- PA) r where the densities of the
crystalline and amorphous phases are fc= 0.935 and{%_= 0. 854,
respectively (Lee, W.A., and R.A. Rutherford). The
characteristics of the samples are shown in Table 3.1.
3.1.5 Samples for ESR Measurements
For ESR. measurements, 2,2,6,6 tetramethyl-4
hydroxypiperidine-l-oxyl (HONO) was empolyed as the
spin-probe and was introduced into the samples as follows.
The isotropic and drawn samples were immersed in a benzene
solution of 2% spin probe by weight at room temperature for
several days. After equilibrium sorption had been reached,
the samples were taken out and the solvent was removed by
evacuation in a vacuum chamber. Then the samples were
annealed at 130°C for 5 hours to ensure that the spin probes
were evenly distributed.
The spin-probe concentration in the samples was less
19
than 1x10 spinscm. At higher concentration, the effect of
interaction between spin probes becomes important, and it
would be difficult to analyse the ESR spectra (Buchachenko
1974). The spin-probe concentration was estimated by the
following method. The ESR spectra of benzene solutions of
volume 14 cm3 and of spin probe concentration varying from
(if (9.3




































































































































A11 samples were annealed at 158°C for 1 hour except for sample j which was annealed at 145°C
for 1 hour.
Table 3.1 Charateristics of the samples
probes are freely rotating in these solutions so the
measurements provide a calibration curve of signal height
versus total spin number. At 100°C, the spin probes in the
doped PP samples are also rotating quite freely, so the spin
concentration in these samples can be estimated from their
ESR spectra using the calibration curve. These values are
given in Table 3.1.
3.2 Sorption and Piffusion
The sorption of toluene vapor in PP was measured by a
Perkin-Elmer TGS-2 automatic electronic balance. With the aid
of 3 vapor reserviors, vapor pressure from 0 to 0.8Po (P0
being the saturated vapor pressure) could be maintained in
the space surrounding the sample. In order to save time, the
interval sorption method was used. First, the pressure was
suddenly changed from 0 to Pt and the'weight of the polymer
film was monitored until a equilibrium weight has been
reached. Then the measurements were repeated by changing the
pressure from P: to Pz, P2 to P3, etc., until the required
final pressure was attained.
3.2.1 Apparatus
The sample of mass 25-190 mg was suspended from the
balance and was enclosed by a water jacketed glass chamber
(Fig3.1). The circulating water was controlled at 30°C to
within 0.02° C by a HAAKE circulator. The balance chamber was
connected to 2 vapor reservoirs, a manometer, a pump and a
pentrant supply ampule. The glass tube joining various parts
of the system formed the third vapor reservoir. To avoid the
Fig 3.1 Apparatus for sorption diffusion measurements.
20
use of grease, 'telfon valves and viton o-rings were usea
throughout the system since these materials absorb very
little toluene vapor. A vent valve was installed so as to
brine the system back to atmospheric pressure after the
measurements. A mercury trap was connected to the manometer
to prevent suction of mercury into the balance chamber in
case of mishap.
The whole system was placed inside a wooden chamber
with a front glass window. All the valves were located near
small holes drilled on one surface of the wooden chamber so
that the valve stems lie just outside the chamber. This
allows the operation of valves without opening the window,
thus ensuring that the temperature inside the chamber was not
disturbed. The temperature inside the wooden chamber was
controlled at 30° C by using a heater and an Eurotherm
temperature controller. Two small circulating fans were used
to ensure that the temperature inside the chamber was uniform
and constant to within 0.1°C. The fans were operated under
A.C. power supply since the electromagnetic wave generated by
a D.C. motor may affect the' electronic balance. The fans
were supported by soft materials in order to minimize the
vibration generated. A cold trap with liquid nitrogen was
connected between the apparatus and a pump so as to capture
the toluene vapor in the desorption process.
3.2.2 Measurements
The sample was first suspended from one arm of the
TGS-2 balance. Then the whole system including the balance
21
chamber, tubes, and reservoirs was evacuated. The weight of
the sample in vacuum was continuously monitored with the aid
of a strip-chart recorder. When the balance output was
steady, the balance valve connecting the balance to the
other components was closed and vapor at saturated pressure
(Po= 37mmHg at 300C) was introduced into a part of the
reservoir system (comprising of 3 reservoirs). Then the
balance valve was opened gently and in less than 10 seconds a
steady vapor pressure was established in the balance chamber.
The vapor pressure was measured by the manometer while the
weight change of the sample was recorded continuously with
a strip-chart recorder. By using electronic weight
suppression, a l,ug weight change can be detected for an
initial weight of 100mg.
Diffusion occurs along the thickness direction of a
thin film when there is a concentration gradient of the
penetrant between the centre and the surfaces. The diffusion
is governed by the 2nd law of diffusion
(3.1)
where t is the time, D is the diffusion coefficient and c is
the concentration of the penetrant, i.e. mass of penetrant
per unit mass of the polymer. The concentration c at the
surfaces of the film attains a saturated value within a very
short time after the introduction of vapor. Therefore a
concentration gradient is immediately established and
diffusion occurs from the surfaces to the centre. As a
result, weight of the sample increases as a function of time.
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If the diffusion coefficient depends only on concentration,
the diffusion process is said to be Fickian and the solution
of eq.(3.1) for a film with plane surfaces and thickness h is
(Crank,J.1956)
(3.2)
where Mt is the weight gain at time t and Moo is Mt as t-
The short time approximation is
(3.3)
From the initial slope of the plot of Mtversus t'and the
equilibrium weight gain Mme, the diffusion coefficient D can
be calculated. This was denoted by D, where c was the
arithmetic average of the initial and final concentration in
this measurement.
At the end of each measurement, the balance valve was
closed, and the vapor in the reservoir system was pumped
out. Then a higher vapor pressure was established for
another interval sorption measurement. After a series of
experiments, log DC was plotted against c and D. was obtained
by extrapolation to c = o. Saturation concentration at any
vapor pressure was evaluated by adding M of all
previous sorption intervals.
Samples with high draw ratios( >12) have low
diffusivities, so each interval sorption measurement lasted
2-4 days. These measurements were repeated two or more times
and the results were reproducible to within 15%. Also
considering the uncertainty in thickness determination the
overall accuracy was estimated to be about 20%. The low draw
ratio samples and the annealed samples have much higher
diffusivities and each interval sorption measurement can be
completed in a relatively short time varying from 1 to 20
hours. For these samples, the accuracy is better than 10%
since the measurements were less affected by the long-term
drift of the balance.
3.3 Spin-probe Techniques in ESR Spectroscopy
Diffusion coefficient of a penetrant in a polymer
reflects the translational mobility while the electron spin
resonance spectroscopy can be used to study the rotational
mobility of the spin probes in a polymer. As a side project,
the ESR spectra of the PP samples doped with nitroxide spin
probes were recorded from 30°C to 110°C.
3.3.1 Apparatus
ESR spectra were recorded with a JES-FE3X ESR
spectrometer of JEOL LTD.. The temperature of the resonance
cavity was controlled by a JES-VT-3A2 variable temperature
controller to± 1 °C and was measured with a thermocouple.
Quartz tubes from Wilmad Glass Co., Inc. were used to hold
the samples.
3.3.2 Measurements
The measurements were carried out by using lOOKHz,
0.5 Gauss field modulation. A microwave power of 0.5mW was
used and we had checked that the power saturation effects
were negligible at this power level. A quartz tube
containing a copper-constantan thermocouple was first
inserted into the cavity where the PP samples would been
located to measure the temperature. After a steady
temperature had been recorded, the thermocouple was taken out
and another quartz tube containing the doped PP sample was
inserted. ESR spectra were then recorded after temperature
equilibrium had been established. The sample film was cut
into 30- 70 small pieces and distributed randomly in the
quartz tube. The draw axes of the small pieces were
therefore randomly aligned with respect to the magnetic
field. This precaution may not be crucial since we have
found no significant difference between the spectrum for a
randomly oriented sample at A= 12 and that for the same
sample with draw axis perpendicular to the magnetic field.
Using eqs. (2.11) and (2.12), the rotational diffusion
coefficient D rot has been calcula ted from the observed ESR
spectra. From plots of log Drot versus 1T the activation
energy for the tumbling of the HONO probes has been obtained.
Chapter 4
Results and Discussion
4.1 Sorption and Diffusion of Toluene Vapor
4.1.1 Orientation Effect
The equilibrium sorption of toluene by unit mass of
polypropylene is plotted as a function of penetrant vapor
activity in Fig. 4.1. Although the sorption curve is a
straight line at PPd0.5, departure from the linear Henry's
law is observed.for all draw ratios at higher vapor activity.
A reduction in equilibrium sorption as a result of
orientation is also easily seen from Fig. 4.1 and Fig. 4.2.
The sorption for the sample at draw ratio 18 is only 14 of
that for the isotropic sample. The equilibrium sorption
decreases continuously with, but a relatively faster drop
occurs at X.= 6- 10. This result reveals a reduction of
sorption sites which arises mainly from chain alignment in
the amorphous regions and the increase in taut tie-molecules
after drawing. Since the change in crystal1inity with
%•
orientation is small (Table 3.1), there should be very little
crystal1inity effect.
As shown in Fig. 4.3, the diffusion coefficient D
increases exponentially with concentration for both the
isotropic and drawn samples. However, as we have discussed
in Chapter 2, this exponential dependence is just an
approximation valid at low concentration (4% for the present
case). As increases, D decreases drastically and the
Fig 4.1 Equilibrium sorption of toluene by PP at 30°C
as a function of vapor activity.
Fig 4.2 Relative sorption of toluene by PP at 30°C as
a function of draw ratio A.
Diffusion coefficient of toluene in PP at 30°C
as a function of draw ratio A.
concentration coefficient X (which is proportional to the
slope of the curve in Fig. 4.3) also decreases slightly.
extrapolating the Dc vs c curves to c=0, the
zero-concentration diffusion coeifficient D0 can be obtained.
The relative change 0o()Do(l) is plotted against A. in Fig.
4.4. It is seen that D0 for the ultradrawn sample (A=18)
drops to about 130 of that for the isotropic sample. The
reduction in D0 is due to the reduction of sorption sites and
an increase in the blocking factor resulting from the
transformation from the initial spherulitic structure intc
the fibrous structure.
In order to interpret the change in sorption and
diffusion behavior as a result of orientation, let us
briefly discuss the changes in morphology upon drawing. In
an isotropic semicrystal1ine polymer, there are a large
number of spherulites (consisting of stacked folded chain
lamellae) embedded in the amorphous component.- Different
lamellae are connected by tie-molecules passing through the
amorphous layers. Furthermore, the amorphous layers also
contain chain loops and free chain ends called cilia. (Fig.
4.5) For the undrawn sample, the chain segments in the
amorphous region including the tie-molecules, loops and cilia
are relatively loosely packed. Penetrant molecules can be
easily sorbed by the amorphous component. Also, as a
consequence of the mobility of these somewhat relaxed polymer
molecules, penetrant molecule can easily jump to adjacent
sorption sites and hence diffuse freely through the amorphous
Fig 4.4 Relative zero-concentration diffusion coefficient
Do()D0(l) of toluene in PP at 30°C as a function
of draw ratio A.
Fig 4.5 Schematic diagram of the spherulitic structure
component when there is a concentration gradient in the
sample.
However, after drawing, the spherulitic structure has
transformed into a fibrous structure, this transformation
being best described by the mircofibri1lar model proposed by
Williams and Peter 1 in (1971). During drawing, the folded
chain lamellae of the spherulite are broken. The tearing off
of folded chain crystal blocks from the stacked parallel
lamellae and their incorporation into bundles of mircofibrils
yield a great many taut intraf ibr i 1lar tie-molecules by
partial unfolding of chains connecting the blocks in the same
original lamella. According to the geometry of this
process, they are mainly located on the outer boundary of
microfibrils, where they form a thin sheet of almost
completely stretched and aligned chains surrounding the
amorphous layers seperating the crystal cores. Tie-molecules
of the starting material which connected different lamellae
are now connecting different microfibrils, and hence act as
interfibrillar tie-molecules located in the boundary layers
between adjacent microfibrils .(see Fig 4.6). Once the
fibrous structure has been formed, further drawing is only
possible by plastic deformation of the fibrous structure.
The main elongation is provided by axial displacement of
fibrils. The mutal arrangement of microfibrils by
longitudiual sliding increases the number of interfibri1lar
taut tie-molecules.
In the presence of small change of orientation in the
Fig 4.6 Schematic diagram of the microfibrillar structure.
loops, the same type of sorption sites are available as in
the lamellae of the undrawn material, but their number is
reduced by the partial orientation of the cilia and
particularly the tie-molecules. Since the intrafibri1lar
taut tie-molecules are located on the outer boundary of the
microfibrils, they serve as an almost impermeable
'protective' screen. If this screen surrounds the
microfibril completely, no penetrant can be sorbed by the
amorphous regions within the microfibrils. Hence, one may
understand the large reduction in equilibrium sorption.
The reduction in molecular mobility after drawing not
only affects the equilibrium sorption but also makes the
transportation of penetrant molecules more difficult. For
the undrawn material, sorption sites are easily created in
the more relaxed amorphous regions as a result of thermal
motion. Therefore, the penetrant molecules can jump into
adjacent sorption sites at a relatively high frequency. The
restriction in chain mobility in the amorphous regions makes
it harder for a penetrant molecule to find an adjacent hole
large enough to jump into. Consequently, the penetrant will
diffuse at a low rate. A more important reason for the
substantial reduction in diffusion coefficient arises from
the change of morphology. Microfibrils, which consist of
folded chain crystal blocks and intrafibri1lar taut
tie-molecules, may be regarded as impermeable materials.
Bundles of microfibrils act as obstacles to penetrant
transportation. These microfibils together with the
inter fibrillar taut tie-molecules increase the tortuosity of
diffusion i.e. lengthen the diffusion path of the penetrant
molecules. In order to diffuse across the thickness of the
drawn film. penetrant must bypass the bundles of almost
impermeable microfibrils (Fig. 4.7). Therefore the observed
diffusion coefficient drops drastically after the fibrous
structure has been formed. Further drawing is only possible
by plastic deformation of the fibrous structure. The main
elongation is provided by axial displacement of fibrils. The
mutal arrangement, of microfibrils by longitudiual sliding
increase the number of interfibri1lar taut tie-molecule.
Using wide-angle and low-angle X-ray scattering,
Morosoff and Peter1in (1972), and, Balta-Calleja and
Peter 1in(1970) have investigated the plastic deformation of
PP and have found that the spherulitic structure is
oroaressivelv converted into the microfibrillar structure as
the draw ratio increases. At A =6, the transformation is
essentially complete. However, we see from Fig. 4.2 and 4.3
that there is no abrupt drop in either sorption or
diffusivity at any A, in contrast to the case of HDPE, for
which there are sharp decreases at X=8-9. Therefore, for the
present case of PP, complete transformation into the fibrous
structure is not accompanied by a drastic reduction in
diffusivity. Moreover, the continued drops in sorption and
diffusivity for X=6-18 indicate that the interfibri1lar taut
tie-molecules produced during the plastic deformation of the






Fig 4.7 Schematic model of distribution of fibrils (bungles
of microfibrils) embedded in the amorphous material
in a cross section of the sample film. The diffusion
proceeds through the permeable embedding medium and
avoids the nearly impermeable fibrils.
...:. path of diffusion
reduction of transport properties.
4.1.2 Comparison with Results for HDPE and LDPE
In Fig. 4.8, we compare the equilibrium sorption of
toluene in PP at 30°C with Peterlin's results on sorption of
methylene chloride in PE at 25 C (Williams and Peterlin 1971
Araimo et al. 1978). The sorption of toluene in PP is less
than the sorption of CHCl, in LDPE but larger than that of
CH CI a, i-n HDPE. One may attribute this result to the
fact that PP has an amorphous fraction (0.4) intermediate
between those for LDPE (va~0. 6) and HDPE (va~ 0. 25)
A smiliar comparison for Dc is shown in Fig. 4.9. The
zero-concentration diffusion coefficient D0 for toluene in
isotropic PP at 30°C is about 2% of that for the CHCl-HDPE
system at 25° C. This may arise from several reasons
including the larger size of the toluene molecule, the
different interaction between the penetrant and polymer, the
more rigid chain structure for PP, and the steric effect of
the pendant methyl groups. Moreover, the major amorphous
o
relaxtion of HDPE occurs at -130 C whereas the glass
transition of PP is located at. -10°C. Therefore, near roomi v-
temperature, PP may have less fractional free volume than
HDPE.
Since the above discussion involves different
penetrant-polymer systems, it is rather difficult to compare
the absolute magnitude of the equilibrium sorption and
diffusion coefficient. It is more significant to compare the
changes in these properties as a function of draw ratio. In
Fig 4.8 Equilibrium sorption of CH2Cl2. by HDPE and LDPE at
25°C and toluene by PP at 30°C as a function of
draw ratio A.
Araimo, L., et al,, 1978
Williams, J.L. and A. Peterlin, 1971
Fig 4.9Extrapolated zero-concentration diffusion
coefficient D0 of CHCl in LDP E and HDPE at 25° C
and of toluene in PP at 30° C as a function of
draw ratio A..
Araimo, L., et.. al., 1978
Williams, J.L. and A. Peterlin, 1971
Fig. 4.8 and Fig. 4.9, it is seen that, for HDPE, c and De
have drastic drops at A= 8 to 9 and then remain nearly
constant up to A =25. Peterlin concluded that these changes
arise from the completely transformation of the initial
spherulitic structure into the fibrous structure. The
conversion of the lamellar material into almost completely
impermeable microfibrils leads to the abrupt reductions in
the sorption and diffusion coefficient. Subsequent drawing
from X.= 9 to 25 increases the tautness of the interfibri1lar
tie-molecules, but this does not seem to have a strong effect
on the transport properties of HDPE.
Rather different results are obtained in our
measurements on PP. First, X-ray studies (Morosoff and
Peterlin, 1972) revealed that the transformation of the
spherulitic structure into the fibrous structure is completed
at X =6, but there is no abrupt change in either c or D0
from A. =1-6. This probably indicates that the microfibrils in
drawn PP are more permeable than those in HDPE. Second,
after the microfibrillar structure has been formed, further
reduction of sorption by a factor of 3 and of,diffusion
coefficient by a factor of 10 is observed for the subsequent
drawing from A= 6 to 18. This further reduction may be
largely attributed to the interfibri 1lar tie-molecules which
in turn arise from the longitudinal sliding of the
microfibrils.
The concentration coefficient T of the different
penetrant-polymer systems is compared in Fig. 4.10. For
Fig 4.10 Concentration coefficient T for diffusion of
toluene in PP and CH2C1Z in HDPE and LDPE as
a function of draw ratio TV.
Araimo, L., et al., 1978
Williams, J.L. and A. Peterlin, 1971
CHjgCl-LDPE, V increases by a factor of 3 as increases from
1 to 6. For CH 2.CI2 -HDPE, there is again an abrupt change
between A. =8 and 9, where Y increases 20-fold. Since
(see eq. 2.8), Williams and Peterlin (1971) attributed the
enormous increase to the reduction of fractional free volume
f0. However, in our measurements on PP, a small
reduction in is observed. As reflected by the equilibrium
sorption, f0 is reduced after drawing, so that the slight
decrease in Y must be attributed to an accompanying decrease
in j3 which slightly overcompensates the effect of decreasing
f0. Reduction of Y in drawn sample has been previously
reported by Kwei and Wang (1971). A concentration
coefficient of 93 was found for diffusion of toluene in
isotropic HDPE. After cold drawing at room temperature to
A.= 10 and subsequent annealing at 120° C for 5 hours, the
diffusion of toluene in HPDE is roughly independent of
concentration, i.e. Y~ 0. Kwei and Wang attributed the zero
concentration dependence to the effect of the severe
constraint on the chain segments. As a result, the chain
segments do not have complete freedom to mix with penetrant
molecules, so T drops to zero.
From the above discussions, one can see that there are
several mechanisms which have significant effects on the
transport properties of oriented polymers. The microfibils
may be semipermeable for some polymers such as PP and the
inter fibrillar tie-molecules also have a significant
influence on the transport properties. Moreover, the
concentration coefficient Y depends on the delicate balance
of the changes in |3 and f„ upon drawing.
4.1.3 Annealing Effect
The effect of annealing on the fibrous structure has
been discussed by Peterlin (1977). Annealing at high
temperature enhances the mobility of the taut tie-molecules.
Consequently, the tie-molecules tend to bring together the
crystal blocks which they are anchored in. This lets the
microfibrils slide back toward each others and hence the
sample shrinks. Part of the tie-molecules may pull finites
chain sections out of the crystal blocks and thus increase
the contour length of the tie-molecules beyond their initial
extended length. As a result, the taut tie-molecules are now
relaxed.
The effect of annealing on the sorption and diffusion
in PP is shown in Fig. 4.11-4.17. In Fig. 4.11, the sorption
isotherms of toluene in annealed PP are shown as a function
of vapor activity. The PP samples have been drawn to a draw
ratio 15 and then annealed for. one hour at 145 C and 158 C,
respectively. It should be emphasized that the fibrous
structure remains intact and the crystalline orientation is
unchanged even after annealing at 158 C.(Owen and Ward 1973;
Leung and Choy 1983) We see from Fig. 4.11 that the
equilibrium sorption increases as the annealing temperature Ta
increases. The moderate annealing at 145°C leads to partial
relaxation of tie-molecules, thereby increasing the free
Effect of annealing on the equilibrium sorption
of toluene by PP at a draw ratio 15.
Ta is the annealing temperature.
volume fraction and hence the sorption in the sample.
Annealing at 158 C results in almost complete relaxation of
tie-molecules and a further increase in sorption.
Fig. 4.12 shows the effect of annealing at 158 C on
samples of various draw ratios. The sorption increases
substantially except for the isotropic sample whose sorption
decreases by 15%. This decrease is smaller than the 35%
decrease in amorphous fraction after annealing, indicating
that the chain molecules in the quenched undrawn sample are
not totally relaxed.
Fig. 4.12 'and 4.13 also reveal that the sorption for
the annealed samples with A. =1 and 8.5 is almost identical
although the former is spherulitic while the latter has a
fibrous structure. However, the sorption for annealed
samples at A =15 and 18 are somewhat less, implying that the
chain molecules in these samples are still slightly
constrained.
Since the tie-molecules are largely located on the
boundary of the microfilbriIs, the relaxation of these
molecules makes the microfibils more permeable. As a
consequence, the tortuosity of the diffusion path is reduced
and the diffusion coefficient should increase. Fig. 4.14
shows that annealing of the PP sample with A=15 at 145°C
increases the diffusion coefficient by a factor of 4.
Annealing at a higher temperature (158° C) results in a
diffusion coefficient even higher than that of the quenched
isotropic material. Nevertheless, it is still slightly lower
Fig 4.12 Effect of annealing at 158°C on the equilibrium
sorption of toluene by PP. as-drawn,
annealed at 158°C.
Fig 4.13 Effect of annealing at 158°C on the equilibrium
sorption of toluene by PP as function of
draw ratio A..
Fig 4.14 Effect of annealing on the diffusion coefficient
D0of toluene in PP at a draw ratio 15.
Ta is the annealing temperature.
Pig 4.15 Effect of annealing at 158°C on the diffusion
coefficient of toluene in PP. as-drawn,
annealed at 158 c.
Fig 4.16 Effect of annealing at 158°C on zero-
concentration diffusion coefficient D0 of
toluene in PP.
than that of the annealed isotropic sample.
Fig. 4.15 and 4.16 show the results of annealing at
158 C on samples with various draw ratios. For the isotropic
sample, a slight increase in diffusion coefficient is
observed, again demonstrating that the amorphous component
of quenched isotropic PP is not completely relaxed. The
mobility and hence the diffusion coefficient are enhanced
after annealing. Complete relaxation after annealing is
exhibited by the sample at A. =8.5 since its diffusion
coefficient is nearly the same as that of the annealed
isotropic sample. Since the former has a fibrous structure,
and the latter is spherulitic, one may conclude that, as long
as the amorphous component is relaxed, the morphology plays a
very minor role in determining the magnitude of the diffusion
coefficient. The sample at A=18 also shows a sharp increase
after annealing, but its D0 is still about 50% lower than
that of the annealed isotropic material. This result is
consistent with the sorption data, supporting our conjecture
that the amorphous component for the ultradrawn sample is not
totally relaxed even after -annealing at such a high
temperature.
The concentration coefficient X for the as-drawn and
annealed samples are compared in Fig. 4.17. Upon
annealing, X increases to a value comparable to or even
higher than that of quenched isotropic PP. For annealed
samples with A=l-15, X is essentially the same but it becomes
slightly smaller at A. =18, once again illustrating the
Fig 4.17 Effect of annealing at 158°C on the concentration
coefficient Y for diffusion of toluene in PP.
presence of a slight constraint on the amorphous chains of
highly drawn and annealed PP.
4.2 Spin-probe Studies
The ESR spectra of HONO in isotropic and drawn PP at
various temperatures are shown in Fig (4.18). At 30°C the
spectrum is dominated by a broad, asymetric triplet which is
characteristic of a high degree of immobilization of the
nitroxide probes. As the temperature is raised, the spectrum
slowly narrows. .At about 100°C, the spectrum approaches the
three sharp absorption lines observed for nitroxides in a
dilute benzene solution. On comparison of the spectra of
isotropic and drawn samples at a given temperature, it is
clear that the molecular motion in the drawn sample is more
restricted, thereby giving a spectrum with broader absorption
1ines.
The rotational diffusion coefficient Drot•• has been
calculated using eqs. (2.11) and (2.12) and is plotted
against 1T in Fig. (4.19). It is seen that Dret increases as
the temperature increases, reflecting the increase of
mobility of the polymer chain segments. Fig. (4.19) and
(4.20) also show that Drot decreases with increasing draw
ratio and Drot at= 18 is about 12 of the value for isotropic
PP. Since the tumbling of the spin probes is determined by
their local environment, this decrease reflects largely the
increase in constraint on the chain segments in the amorphous
regions and not the change from spherulitic to fibrous
Fig. 4.18a ESR spectra of HONE in PP at various temperatures.
Fig.4.18b ESR spectra of HONE in PP at various temperatures.
Arrhenius plots for the rotational diffusion
coefficient of HONO in PP at various
draw ratio A.
Fig 4.20 Effect of orientation on the rotational
diffusion coefficient at various temperature.
morphology.
When this small change in the rotational diffusion
coefficient is compared to the 30- fold reduction in the
linear diffusion coefficient D0, it is obvious that the
drastic reduction in D0 arises mainly from the transformation
into a structure composed of bundles of only slightly
permeable microfibrils.
If one assumes the tumbling of the probes in the host
polymer is a rate process, the activation energy Ea of this
process can be calculated from the curves in Fig. (4.20). It
is seen that the slope decreases with increasing A, which
leads to a slight decrease in Ea from 52 K.Jmol. to 40KJmol.
as X. increases from 1 to 18. A similar decrease has also
been observed by Barashkova et al. for PP in the range
A=l-10, but there is at present no satisfactory explanation.
Chapter 4
Conclusion
Drawing of polypropylene leads' to denser packing of
chain segments and increase in taut tie-molecules in the
amorphous regions. Consequently, the fractional free volume
is reduced and the equilibrium sorption drops by a factor of
4 as the draw ratio A increases from 1 to 18. In addition to
the reduction in molecular mobility, there is a gradual
change from the spherulitic to the fibrous structure and this
transformation is completed at A ~6. The microfibrils are
only slightly permeable and thus block the passage of
penetrant molecules, thereby giving rise to a 30-fold
decrease in the zero-concentration diffusion coefficient Dfl.
Furthermore, the concentration coefficient Y also decreases
slightly and this is attributed to the decrease in the
effectiveness of the plasticizing effect of the penetrant.
In the case of HDPE, the abrupt reduction in transport
properties between A =8 and 9 has been attributed to the
complete transformation to a fibrous structure._ For PP,
however, the diffusion coefficient of toluene decreases
smoothly with increasing A although the transformation into
the fibrous structure is completed at A =6. The further
decrease in the diffusion coefficient for =6- 18 indicates
that the interfibriliar taut tie-molecules produced during
the plastic deformation of the fibrous structure also hinder
the diffusion of the penetrant molecules.
60
The severe constraint on the chains in the amorphous
regions is largely removed after annealing at 1580C. The
tie-molecules are now relaxed and the sorption and
diffusivity increase substantially. For N 8.5, D. for the
annealed samples is nearly the same but D. at =18 is lower,
implying that the tie-molecules for the ultra-drawn samples
are not completely relaxed.
As reflected by the tumbling motion of the HONO
spin-probes in PP, the mobility of the polymer chain segments
increases with temperature and decreases with increasing draw
ratio. Since the rotational frequency of the spin-probes is
determined more by their local environment than the
large-scale morphology, it decreases only by a factor of 2
as A increases from 1 to 18.
Appendix
Equilibrium sorption and diffusion coefficient
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